THE PRECEDING PAPER (7) is an account of motor units in the soleus muscle of the cat, which is an example of the red or slow variety of skeletal muscles. For comparison with it, we present here the results of a similar study on the medial gastrocnemius (MG), a pale or fast muscle. The two muscles are separate heads of the triceps surae, which is an extensor of the foot. Although they are closely related anatomically they differ strikingly in their microscopic appearance and in their contractile properties. Ranvier (8) correlated the pale color of muscles such as the MG with their phasic mechanical properties (fast contraction, higher fusion rates, easy fatigability), but later authors have cautioned against such simplification.
THE PRECEDING PAPER (7) is an account of motor units in the soleus muscle of the cat, which is an example of the red or slow variety of skeletal muscles. For comparison with it, we present here the results of a similar study on the medial gastrocnemius (MG), a pale or fast muscle. The two muscles are separate heads of the triceps surae, which is an extensor of the foot. Although they are closely related anatomically they differ strikingly in their microscopic appearance and in their contractile properties. Ranvier (8) correlated the pale color of muscles such as the MG with their phasic mechanical properties (fast contraction, higher fusion rates, easy fatigability), but later authors have cautioned against such simplification.
For many years it has been known that pale muscles consist of a mixture of dark and pale fibers. Recent studies (9) show that they contain three kinds of fibers which differ in their mitochondrial enzymes and in their appearance under the electron microscope. We shall attempt to correlate these observations with the differing properties of individual motor units. We shall also try to reconcile our findings with the striking differences in functional capacity of the soleus and MG, notably their relative speed and power.
METHODS
The techniques of isolating and studying motor units were in all respects similar to those described in the preceding paper (7) . Figure IA illustrates the measurement of conduction latency from which conduction velocity was calculated. Figure 1B illustrates the type of records used to measure contraction time. The tetanic tensions developed at 5, IO, 20, 50, and lOO/sec. were measured from oscillograph records such as those in Fig. 1 , B through E. The data which were collected varied somewhat with the size and type of the units studied, hence the numbers of units in the categories of interest are not exactly the same. Although 252 axons were isolated and stimulated, shortcomings in technique in early experiments made it necessary to exclude most of the data in the first 71 units investigated.
RESULTS

All-or-none
impulses were recorded from 252 ventral-root filaments in response to stimulation of the nerve to MG. In Fig. 2 by fibers with conduction velocities between 50 and 10 m/set. The mean velocity for this group was 25 m/set., corresponding to a fiber diameter of 4 /*. When these filaments were stimulated, no change in tension was detected. Presumably they contained gamma fibers innervating muscle spindles.
In Fig. 11 Resting Tension (9, and in some cases 150 and 2OO/sec. earlier in this study with the muscle stretched to approximate the resting length rather than with a standard preload. The distribution of tensions in , this group did not differ greatly from that in Fig. 4 , although the average tension was 5.4 g. less.
Within 
Twitch tensions
The tension developed during a twitch contraction was measured for 83 motor units. Most of the units which yielded no twitch developed less than 10 g. tetanic tension. The 83 twitches which were recorded ranged from 0.3 to 36.0 g., averaging 7.4 g. The ratio of tensions developed during tetanus and twitch varied from 2.8 (64.0/22.8) to 110 (44/0.4). The mean ratio was 15.8 and the median 8.1. Cuntruction times The contraction time of each recorded twitch was obtained by measuring the interval between the EMG and the peak of the tension (Fig. 1B) . Figure  6 shows the distribution of contraction times grouped in decades along the abscissa. They fall into two groups, a larger one ranging from 18 to 70 msec., and a smaller one with values from 84 to 129 msec. In a total of 25 units no twitch could be recorded and therefore no contraction times were obtained.
M. The units in this group were small. Fourteen of them developed less than 5 g. tetanic tension and 19 of them developed less than 10 g. There is a relationship between the contraction time of a unit and the amount of tension it develops. Of the 31 units which developed more than 50 g. tension, only 5 had contraction times of more than 40 msec. On the other hand, of the 23 units which developed less than 20 g. tension, only 3 had contraction times of less than 40 msec; the rest ranged up to 129 msec. large and a small unit in MG developing maximal tensions of 60 g. and 8 g., respectively. The traces in column C were obtained from a soleus unit of approximately the same size as the unit in column B. Since the contraction times for soleus and MG units overlap in the range from 50 to 129 msec., the resemblance between the responses in columns B and C is understandable.
Data on the fusion characteristics of 102 units in MG are compiled in Relution between conduction velocity and maximum tension For each motor unit the conduction velocity of its axon was plotted graphically against the maximum tension it could develop (Fig. 9 ). The data from each experiment were plotted separately, as in the case of soleus. The findings in three different experiments are shown in Fig. 9 . 
Neuromuscular fatigue
In the course of these experiments it was frequently noted that the action potentials of the muscle fibers declined in amplitude during a period of repetitive stimulation.
If the EMG decreased very much, a parallel decrease in tetanic tension was noted. The frequency and duration of stimulation at which the decline in EMG occurred varied with different units, as the two examples in Fig. 10 illustrate.
With stimulation at 50/set. neither unit A nor unit B showed any reduction in tension although the EMG of unit B diminished slightly.
At lOO/sec., however, the EMG of unit A decreased moderately and that of unit B markedly.
The cause of this decline in the EMG was not investigated; it was presumably due to progressive failure of transmission at the neuromuscular junctions. Although no systematic observations were made on this phenomenon, it was repeatedly noted that the EMGs of large units were affected at lower frequencies and shorter durations of stimulation than the EMGs of small units. Large units, in fact, sometimes showed failure of the EMG at frequencies below those necessary to develop maximum tension. If neuromuscular fatigue occurs to the same extent under normal conditions it must seriously limit the intensive use of large motor units.
DISCUSSION
Sample of units investigated
In order to determine whether the motor units investigated in this study were representative of the MG, their conduction velocities, maximal tensions, and contraction times were compared with corresponding data for the whole muscle.
First, the conduction velocities were plotted on the same graph with the MOTOR UNITS IN M. GASTROCNEMIUS 93 fiber diameters of the motoneurons of MG (Fig. 11) . The sample of 176 conduction velocities in Fig. 11 does not include all of the data compiled in diameters. Considering the different origins of the two sets of data, however, the plots are in close agreement as regards their limits and distribution.
If a suitable correction for the shrinkage which occurs during histological fixation could be applied, an even closer fit would be expected.
Second, the mean tension developed by the 103 units in Fig. 4 was compared with the mean of all motor units in MG as estimated by Eccles and Sherrington (5). Our mean was 35.5 g. Their figure (uncorrected for the presence of 33 y0 gamma fibers) was 30.1 g. If the gamma fibers are subtracted from their counts, their mean tension may be corrected to 45.1 g. We believe that the chief cause of this discrepancy was our failure to stimulate all units at 150 and 2OO/sec. As already noted, 10 of the 30 units tested at the higher frequencies developed more tension than at lOO/sec. The mean tension for this group of 30 units was 47.3 g. If all of our units had been tested at the higher frequencies the discrepancy would probably have been relatively small. It is doubtless significant that in the soleus experiments where high frequencies were not required to obtain maximal tetanic tensions the mean tension agreed closely with the corrected figures of Eccles and Sherrington.
Third, the contraction times of our single units (Fig. 6 ) may be compared with the figure of 39 msec. found by Cooper and Eccles (4) In a more extensive study of this question, Brown and Matthews (2) came to the same conclusion.
Homogeneity of motor units and its significance
The motor units which make up MG exhibit an extraordinary range of contractile properties. Even the soleus, a homogeneous muscle, has a broad spectrum of unit sizes and speeds. If each motor unit in a muscle contained a random sample of muscle fibers with properties varying as widely as those of the muscle as a whole, the differences between units would be relatively slight due to the averaging effect of the distribution.
The fact that individual units differ so greatly in contraction speed indicates that each is homogeneous with a complement of muscle fibers which resemble each other very closely. The best available evidence for this assertion comes from a consideration of the large motor units of MG. By conservative estimate these units consist of at least 1,000 fibers (1,730 in man, ref. 6). A sample as large as that would include a significant number of slow fibers if the distribution were random. According to our data, however, large units are not average in their speed of contraction.
As Table 1 indicates, the mean contraction times of large MG units are short. Neither the time course of their twitch nor their fusion characteristics suggest that such units contain a ,mixture of slow fibers. It also seems clear that very slow units do not include any fast fibers, for they develop their maximal tetanic tensions at low frequencies of stimulation. This would not occur if they contained fast fibers.
We suggest that the homogeneous character of a motor unit is the natural result of the uniform neural control exerted by the motoneuron over its muscle fibers during their period of differentiation.
In recent experiments on fast and slow muscles whose nerves had been transposed at an early age, Buller, Eccles, and E ccles (3) concluded that nerves exert a controlling influence over muscles at the time of their development into fast and slow types. Our findings indicate how precise this control may be, for it enables each motoneuron to specify the contractile properties of.its muscle fibers within narrow limits. As a consequence, the functional properties of each motoneuron are closely matched with those of all its muscle fibers;
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Evidence regurding different types of motor units In view of the apparent homogeneity of individual motor units, it is reasonable to assume that there are three kinds of motor units corresponding to the A, B, and C types of muscle fibers which have been described in MG (9). It is not a simple matter, however, to identify three distinct types of units, for the properties of each type are distributed over a wide range and overlapping may occur. For this reason the data we have collected on soleus are especially useful, because they establish the limits of tension (3.2-40.4 g.), contraction time (58-193 msec.), and conduction velocity (50.7-81.3 m/set.) for one type of unit. In the cat (7) the soleus consists entirely of B fibers. With the properties of these type-B motor units in mind, therefore, we may analyze the data on MG as follows.
The most useful criterion in distinguishing types of units functionally is speed of contraction. Figure 6 , which shows the distribution of contraction times for 83 MG units, provides some helpful clues. As Fig. 6 shows, there were no units with contraction times between 70 and 80 msec., but there were a few distributed between 80 and 130 msec. (This group might have been considerably larger if twitches had been obtained on 25 other units, 16 of which had conduction velocities and maximal tensions within the soleus range.) It is perhaps significant that the four short bars representing the contraction times of these particular units in Their mean tetanic tension was 10.2 g., but 7 of them developed less tension than any soleus unit. Since attempts were made to record twitches with 87 soleus units and 82 of them were successful, the occurrence of a group of 25 MG units with no perceptible twitch is probably significant. This group may include units with properties different from those of A and B fibers. Their conduce tion velocities varied from 57.9 to 101 m/set., nearly as wide a range as that of the whole muscle. Inasmuch as MG contains an undetermined proportion of C fibers and since we have not yet been able to identify a third type of motor unit functionally we examples of type-C units.
naturally wonder whether this group may contain Relationships between the size of motor un its, their speed and the conduction velocity of their axons
In the preceding section we pointed out that type-A units are large and rapidly contracting and that they have I .arge axons. Type ,-B units are smaller and slower and are innervated by smaller axons. Let us now see whether any further conclusions regarding the interrelationships between these properties can be drawn if we group the units of soleus and MG according to their size ranges, as in Table 1. of contraction,
In line 1 the properties of all MG units which developed more than 40.4 g. are assembled. Their mean conduction velocity was greater than that of any other group and their entire range of contraction times was less than that of the fastest soleus unit. This group probably consists of type-A units. In lines 2 and 4 the properties of all units which developed less than 40.4 g. are shown. The mean tensions of MG and soleus units within this range agreed within 0.7 g., but the two groups differed in other respects. Lines 3 and 5 compare the properties of all units which developed 10 g. or less. It was thou&t that this arbitrarily selected group of small units might be of special inkest.
Even within this limited range, however, the two muscles differed significantly in their mean contraction times and conduction velocities. The subdivision of MG tensions into three ranges serves to bring out clearly the interrelations between the mean tensions developed by units, their speeds of contraction, and the conduction velocities of the nerve fibers innervating them. The relation between unit size and conduction velocity was illustrated previously in Fig. 9 for the units in three specific experiments. The figures in lines 1,2, and 3 show that it holds even when motor units are grouped in different size ranges and averaged. Similar, though less dramatic, correlations are apparent in the soleus data (lines 4 and 5).
In a recent investigation of the first lumbrical muscle of the cat's foot, Bessou, Emonet-Denand, and Laporte (1) found a linear relation between the speed of conduction of the relatively small motor units of this muscle and their speed of contraction.
A nonlinear relation between conduction velocity and tension was also noted, which resembles the plots in Fig. 9 of this paper.
Thus, there is convincing evidence that the size of a motor unit and its contractile properties are in some manner related to the size of the nerve fiber supplying the unit. Fiber size, however, is not the only factor in the relationship, as inspection of Table 1 reveals. Comparison of lines 3 and 4 shows that a group of units in MG with a mean conduction velocity of 80.0 m/set. develops less tension than a group of units in soleus with a mean conduction velocity of 67.7 m/set. For the present no further discussion of this problem will be attempted.
An analysis of some of the factors involved in the relationship will be found in a subsequent paper dealing with correlations between the properties of motor units and their histochemistry.
The functional implications of these interrelationships will be the subject of a paper to appear later.
Size and innervation ratio of motor units
The innervation ratio for MG of the cat is not known, nor is the diameter spectrum of its muscle fibers. An estimate of the innervation ratio for the human MG has been made by Feinstein et al. (6) . It is based on counts of the total number of muscle fibers and the total number of large fibers in the nerve. Forty per cent of the nerve fibers were subtracted on the assumption that they were afferent. With this approximation of the actual number of alpha motor fibers, the innervation ratio was 1,730 : 1, Since the largest unit and the average unit in MG of the cat develop about three times as much tension as the corresponding units in the soleus (7), it might be inferred that they include 3 X491 (the estimated innervation ratio of the largest soleus unit), or 1,473 .fibers and 3 );( 180 (the estimated innervation ratio of the average soleus unit), or 540 fibers, Inasmuch as the sizes of the three typ&s of muscle fibers in MG vary considerably  and their  contractile properties differ, such estimates should not be taken too seriously. 
